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Abstract 
All-Silicon tandem solar cells make use of the quantum confinement of silicon nanocrystals (Si-NCs) 
embedded in silicon oxide, carbide or nitride for the band gap engineering required to achieve efficiencies 
beyond the Shockley-Queisser-Limit while relying exclusively on abundant and non-toxic materials. A 
promising approach to the realization of the silicon quantum dot absorbers is the fabrication of 
superlattice structures with controlled mono-disperse size and spacing of the Si-NCs. Here we introduce 
the SiC/SiOx hetero-superlattice with near-stoichiometric SiC as barrier layer for the electrical transport 
and silicon rich SiOx as matrix layer for the quantum dot formation. Due to the competing nature of 
carrier localization and transport, the choice of different materials for matrix and barrier is indicated. We 
consider SiOx (x<2) as a promising matrix layer, since the phase separation is thermodynamically 
favourable, the quantum confinement pronounced and the amorphous matrix phase stable at high 
temperature. The SiC with low band gap should lead to low band offset between Si and SiC and thus give 
rise to high tunnel probability and easy carrier transport. In this work we deposited samples with various 
layer thicknesses and compositions using PECVD, followed by thermal annealing. We show HRTEM, 
Raman and GIXRD measurements for structural evaluation and present PL and PDS results for optical 
evaluation. In addition, we carried out electron spin resonance experiments addressing the defect creation 
during annealing. 
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1. Introduction 
Silicon nanocrystals (Si-NCs) embedded in a silicon based dielectric matrix exhibit three-dimensional 
localization of charge carrier giving rise to the discretization of energy states, and thus, the effective 
widening of the band gap within the nanocrystals. The width of the effective band gap can be adjusted by 
tuning the size of the silicon quantum dots (Si-QD), which is a pivotal feature for all-silicon tandem solar 
cells [ 1 ]. In this paper we introduce the SiC/SiOx hetero-superlattice (SiC/SiOx-HSL) with near-
stoichiometric SiC as barrier layer and silicon rich SiOx as matrix layer for the realization of the silicon 
quantum dot absorbers. By doing so, we benefit from the advantages of the SiO2 matrix, which are the 
thermodynamically favoured phase separation [2], the high persistency of the amorphous state at high 
temperatures [3] and the pronounced quantum confinement [4], while the SiC barrier enables high carrier 
mobilities at the same time [4].  
2. Experimental 
We prepared SiC/SiOx hetero-superlattice (HSL) films with various SiC thicknesses, SiOx thicknesses, 
and SiOx compositions. In detail, we investigate the samples S1 (6 nm SiC, 5nm SiO0.8), S2 (6 nm SiC, 
3nm SiO0.8), S3 (6 nm SiC, 5nm SiO1.2) and S4 (2 nm SiC, 5nm SiO1.2) together with their corresponding 
thick SiC and SiOx single layers. All hetero-superlattice films and reference single layers were deposited 
in a multi-chamber PECVD system using the precursor gases monomethylsilane (H3SiCH3) and hydrogen 
(H2) for near-stoichiometric amorphous silicon carbide (a-SiC:H), and carbon dioxide (CO2), silane 
(SiH4) and H2 for sub-stoichiometric amorphous silicon oxide (a-SiOx:H). The deposition was followed 
by a thermal treatment in an annealing furnace at Ta = 1000 °C under N2 flow for ta = 4h. 
3. Results 
All HSL samples consist of 20 bi-layers starting with a SiC layer and ending with a SiOx layer. Figure 
1 presents HRTEM images of sample S1 after annealing. In Fig. 1(a) we see that the hetero-superlattice 
structure is preserved after annealing. The 7th and the 12th SiC layers differ from the other SiC layers. The 
average thicknesses of the annealed layers are 5.2 ± 0.4 nm for SiC, 4.4 ± 0.4 nm for SiOx.
Fig. 1. Cross-sectional HRTEM images of sample S1 (6 nm SiC, 5 nm SiO0.8) from the HSL series after annealing of two different 
magnifications 
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The HRTEM image in Fig. 1(b) with higher magnification shows many clear lattice fringes in both 
SiC and SiOx layers. The isolated lattice fringes of different orientations in the SiOx layers are highlighted 
with circles. Some of them are confined in the oxide layers, while some of them extend into adjacent SiC 
layers or have lateral diameters larger than the SiOx layer thickness. Their average diameter perpendicular 
to the film plane is around 5 nm, whereas the diameter in the broadest direction ranges from 4 nm – 10 
nm. Zooming into the 7th and the 12th SiC layers in Fig. 1(a), one can see that these layers completely 
crystallized with many differently orientated lattice fringes touching each other. The HRTEM image of 
the sample S3 (not shown) with nominal the same SiC/SiOx thicknesses combination as the sample S1 but 
with higher O/Si stoichiometry reveals mainly spherically constrained lattice fringes in the oxide layer. 
But the density of the lattice fringes has strongly decreased. 
Fig. 2. Raman spectroscopy and GIXRD patterns of annealed SiC/SiOx HSL samples 
Figure 2 displays Raman spectroscopy and GIXRD patterns of the annealed HSL series. All Raman 
spectra show pronounced Si nanocrystal (Si-NC) peak around 515 cm-1, ascribed to transverse optical 
mode of silicon nanocrystals [5], superposed with a broad feature centred around 480 cm-1. The broad 
feature is considered to be a superposition of amorphous Si, SiC and/or SiOx signals from carbide and 
oxide layers [6]. We deconvoluted the Raman spectra of the HSL series into the amorphous signal at 480 
cm-1 and the crystalline signal at 515 cm-1 and determined the ratio of the integrated area of the crystalline 
signal to the total integral area. The calculated ratios were 45%, 46%, 35% and 27% for the samples S1, 
S2, S3 and S4, respectively.  
All GIXRD patterns in Fig. 2(b) show diffraction peaks around 35.4°, 60.0° and 71.8° from (111), 
(220) and (311) oriented SiC crystals. The reflexes at 28.5°, 47.6° and 56.3° are attributed to (111), (220) 
and (311) oriented Si crystals. The samples S2 and S3 exhibit a sharp peak positioned at 26.7°, which can 
be attributed to crystalline SiO2. We determined the average size of the crystals using the Scherrer 
formula [7]. The volume-average nanocrystal size of the samples S1, S2, S3 and S4 are 4.9 nm, 5.4 nm, 
4.4 nm and 3.6 nm for Si crystals and 2.7 nm, 3.0 nm, 2.7 nm and 1.7 nm for SiC crystals, respectively. It 
is worthwhile to stress that we were able to fit the GIXRD patterns without taking into consideration 
contributions from graphitic phase or amorphous silicon phase. The broad peak at 21.0° can be attributed 
to the amorphous quartz substrate.  
Fig. 3(a) shows the normalized PL intensity and the absorption coefficient from PDS measurements as 
a function of the photon energy for the as-deposited sample S1. The PL intensities of the annealed 
samples are much weaker than those of the as-deposited samples. We determined three characteristic 
parameters from the PDS and PL data for all HSL series samples before and after annealing, namely the 
gap energy E04, which is the energy with a PDS absorption coefficient of 10
4 cm-1 a measure for the 
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optical bandgap, the defect absorption coefficient 1.0, which is the absorption coefficient at the photon 
energy of 1.0 eV as a measure for the defect absorption, and the PL peak energy EPL as depicted in Fig. 
3(b). After annealing, E04 has shifted to lower energies, 1.0 has significantly increased and EPL has 
shifted to higher energies. The EPL is found to be smaller than the E04 both before and after annealing.   
4. Discussion 
We successfully deposited SiC/SiOx HSL with desired thicknesses and compositions. The HSL 
structures remained present after annealing. Phase separation of SiOx into Si and SiO2 was confirmed by 
several methods e.g. the shift of the Si-O absorption peak to 1080 cm-1 in FTIR and the inhomogeneous 
oxygen distribution in EFTEM. The lattice fringes in the oxide layers shown in HRTEM can be attributed 
to Si-NCs while the embedding material is likely a-SiO2, since GIXRD measurements does not show any 
clear a-Si phase signals. The lattice fringes in the carbide layers shown in HRTEM can be attributed to 
SiC-NCs from the comparison of the carbon mappings from EFTEM. The presence of SiC-NCs is also 
evidenced by GIXRD. The fully crystallized 7th and 12th SiC layers can be ascribed to pure crystalline 
silicon according to Si, C and O mappings in HRTEM. The origin of this phenomenon is under 
investigation.  
Fig. 3. (a) the normalized PL intensity and the absorption coefficient from PDS measurements as a function of the photon energy for 
the as-deposited sample S1 (6 nm SiC, 5 nm SiO0.8). (b, c) E04 gap energy, (d, e) defect absorption coefficient and (f, g) PL peak 
energy determined from the PDS and PL data for  the HSL samples before and after annealing. Values of corresponding SiC and 
SiOx single layers are presented in lines. 
Comparing the crystallite sizes of the samples calculated from GIXRD data, we conclude that by 
increasing the oxygen content we can reduce the size of the Si-NCs. The Si-NCs sizes of S1 determined 
from HRTEM is in good agreement with those from GIXRD. Surprisingly, the reduction of the oxide 
layer thickness from 5 nm (S1) to 3 nm (S2) for the xO/Si = 0.8 samples resulted in an increase of the Si-
NCs size and of the crystalline volume fraction. This might be an indication that much more Si-NCs 
extend into adjacent SiC layers when making the oxide layer thinner. The Si-NC sizes of the xO/Si = 1.2 
samples are smaller than their oxide layer thickness indicating an upper limit of the Si-NC size due to the 
limited amount of excess silicon atoms. We assume that the Si-NC size in the SiC/SiOx HSL is more 
strongly determined by the O/Si stoichiometry and less by the SiOx layer thickness. The SiC-NC sizes are 
smaller than the carbide layer thicknesses.  
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Since we have layer stacks of alternating materials which behave differently upon annealing, stress 
will be induced into the layers through the SiC/SiOx boundary. This stress may induce crystallization of 
material, which would have been thermodynamically unfavourable otherwise [8]. This could explain the 
partial crystallization of the SiO2 matrix in the case of the samples S2 and S3. We assume that both the 
reduction of the oxide layer thickness ( higher induced stress) and the increase of the oxygen content 
( larger SiO2 fraction) support the stress induced crystallization of the SiO2 matrix, which is in 
agreement with the observation that the sample S1 with thicker oxide layers than S2 and lower oxygen 
content than S3 does not show any crystalline SiO2 signal in GIXRD. For the sample S4, the stress is 
likely induced more into the thinner SiC layers through SiC/SiOx boundary resulting in more relaxed 
oxide layers, thus, no crystalline SiO2 is observed for the sample S4 either.           
Before annealing, the PL peaks are in the sub-bandgap regimes for both the single layer and the HSL 
samples. Thus, these PL signals can be attributed to radiative recombination via disorder related states. 
After annealing, the E04 gap-shift to lower energies might be due to the formation of silicon crystallites 
with lower optical bandgap than SiC and SiOx. The E04 gap of the annealed SiC being lower than those 
of the annealed HSL samples is a result of very high sub-bandgap absorption, which is no more a valid 
measure for the optical bandgap. At the same time, the PL peak energies shift to higher energies very 
close to the E04 gap values, indicating that these PL signals might come from the Si-NCs. Since the PL 
peak energies are higher than the bandgap of the crystalline bulk silicon, we assume that Si-QDs were 
formed. However, the rise of the defect absorption after annealing increases the non-radiative 
recombination through defects, which gives rise to decreased PL intensities. Preliminary ESR results 
indicate presence of a high density of paramagnetic states about 6x1018 cm-3 in HSL both before and after 
annealing. However the g-value of the resonance changes from 2.0040 to 2.0033 upon annealing. This 
suggests that different paramagnetic states dominate the spectrum before and after annealing. From the 
measurements performed on the SiC single layers we suppose that the paramagnetic species in SiC 
dominate ESR signal from annealed HSL.  
5. Conclusions 
We successfully implemented the deposition of SiC/SiOx hetero-superlattice structures with good 
control of the layer thickness and composition. We proved the general feasibility of our HSL approach, 
since precipitation and crystallization of Si-NCs in the oxide layers took place during annealing. By 
increasing the oxygen content, the size and the density of the Si-NCs is reduced. The blue-shift of the PL 
signals and the red-shift of the E04 gap after annealing might be an indication for the formation of silicon 
quantum dots. However, defects were created after annealing mainly in the SiC layers, which causes the 
increase in sub-bandgap absorption and the decrease in PL intensity.   
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